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volte, valgono più di mille parole. Debora merita un ringraziamento speciale 
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fin dai test d’ingresso, è stato l’unico a credere fermamente che, nella vita,
avrei raggiunto tutti i miei obiettivi. É stato tutto per me: consigliere, amico,
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T his thesis work is the result of collaboration between the ”Università degliStudi di Salerno” (Italy) and the ”Universitat Politècnica de Catalunya-
BarcelonaTech” (BCN, Spain), in particular with the Maritime Engineering
Laboratory (LIM). The thesis is focussing on the analysis of the wave overtop-
ping and post-overtopping processes on coastal defense structures in highly
urbanized areas. In fact, one of the most common and major risks for people
happens when the waves crash against the coastal deferences and a flow is
generated at the top of the structures, which can have enough energy to knock
over and injure a person, or even carry them into the sea. To prevent or reduce
these consequences, coastal defenses are built, the most common are:
• sloping sea dikes;
• vertical walls;
• armoured rubble slopes.
In particular, the present work analyzes the overtopping volumes, discharges
and velocities that can lead to risk scenarios for people and vehicles along the
coastline. The analyzed case study, ”Premiá de Mar”, schematically represents
the coastline north of Barcelona, Spain, where every year the railway line is
CHAPTER 1. INTRODUCTION
exposed to overflowing phenomena so that, in the worst conditions, rail traffic
is interrupted to prevent the train from overturning.
The main purpose of this thesis work is to verify that coastal safety limits and
design criteria recommended by the current literature, such as EurOtop manual
(2018) [13], require to be amended. To reach this objective, a methodology
consisting of three distinct phases will be illustrated:
1. physical model tests were carried out, modelling a layout that resembles
the case study for different wave conditions corresponding to events with
different return periods. The small scale flume ”CIEMito” at LIM/UPC
was for the purpose;
2. the acquired experimental data were collected, analyzed and compared
with the state-of-the-art semi-empirical formulas;
3. the results, finally, have been compared with the safety criteria from
EurOtop (2018) and with the stability curves for people and vehicle
proposed by literature (e.g., Sandoval and Arrighi).
The application description is preceded, in the following chapters, by a
section of theoretical references; the different formulations for the determination
of mean overtopping discharge, the wave evolution period, the individual
overtopping volume and, in particular, the methodologies for the definition of
the stability curves are illustrated. This research is a preliminary study that











T he scientific literature available on wave overtopping prediction is veryextensive, but it is not the same on the stability of people under the
effect of wave overtopping flows, that is limited to a modest number of studies.
In this area several studies have tested human subjects in controlled flows
which have generated a quantification of the critical flows parameters and
mechanisms that can lead to make a person lose stability and fall into the
flow. The chapter summarizes the literature about wave overtopping for steep
low-crested structures and presents an extended review of studies related with
human stability under different types of flows, and a novel analysis of real
overtopping accidents.
2.1 Wave overtopping
Wave overtopping happens when waves run up the seaward face of the coastal
defenses, reach the crest and pass over it. This phenomenon causes flooding of
the areas above the structures and by reaching high speeds, endanger people
and infrastructures. Hereafter the main structural and hydraulic parameters
that might affect the overtopping are described. The structural parameters are
the crest freeboards Rc, defined as the height of the crest of a structure relative
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Figure 2.1: Sketch of overtopping phenomena. Image by [13]
to the water level, the slope angle of the structure α, the water depth at toe of
the structures htoe and the roughness of seaward face γf. The wave parameters









Other parameters of use when studying the overtopping process are the linear



















It is here important distinguish between deep, shallow and very shallow fore-
shores, even if today does not exist a clear criterion for the differentiation them.
Van Gent et al. (1999) [1] proposed a criterion to determine if the foreshore
is characterized by deepwater, intermediate, shallow or very shallow water: if
the ratio between the wave height in deepwater, Hm0−DEEP , and the water
depth the toe of the dike, htoe, is greater than 0.75 and less than 1.50, then
the foreshore can be considered as shallow; if the same ratio is greater than
3.0, then the foreshore can be assumed very shallow. In all the other cases, the
4
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foreshore must be considered as intermediate or deep. The criteria from Van
Gent [1] is summarized in the table:
Depth condition Hm0,deep/h [-]
Very shallow Hm0,deep/h > 1.5
Shallow 1.5 > Hm0,deep/h > 0.75
Intermediate 0.75 > Hm0,deep/h > 0.4
Deep Hm0,deep/h < 0.4
In a shallow foreshore breaking waves and wave height are lower, but there is
still a spectrum similar to the original spectrum. At a very shallow foreshore is
difficult to recognize a spectrum with a peak. Generally speaking, the transition
between shallow and very shallow foreshores can be defined as the situation
where the original incident wave height has been decreased by 50% or more,
due to wave breaking. The effect of a (very) shallow foreshore translates into a
high value of the breaker parameter (ξm−1,0 > 5/7) with relatively gentle dike
slopes (1:2.5). In this thesis work has been used the foreshore’s classification
by Hofland [5]:
Depth condition ht/Hm0,o [-]
Deep ht/Hm0,o > 4
Shallow 1 < ht/Hm0,o < 4
Very shallow 0.3 < ht/Hm0,o < 1
Extremely shallow ht/Hm0,o < 0.3
2.1.1 Wave period evolution
The spectral wave period is preferred to either as the peak period T p or the
average period Tm in wave overtopping calculations, because it gives more weight
to the longer periods in the spectrum. Furthermore, the same Tm-1,0 along with
same wave heights lead to similar overtopping discharges, independently of the
spectrum type, even in case of double-peaked or flatted spectra. A detailed
analysis on the use of the spectral period for overtopping prediction is contained
5
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in Van Gent et al. (1999) [1] where the author demonstrated that the spectral
period shows a better performance than the other wave periods both for wave
overtopping and wave run-up predictions (Fig 2.2, 2.3).
Figure 2.2: Foreshore configuration with 3 different setting of structures [1]
Figure 2.3: Measured wave spectra for the different structures [1]
Van Gent et al. (1999) [1] carried out small scale mode model tests on a
1:100 and 1:250 foreshores with smooth structure slopes of 1:4 and 1:2.5. Due
to the heavy breaking the spectral wave period, Tm-1,0, can changed drastically.
One example shows that the spectral wave period was changed from 2 to 3 s at
deep water to 8 s at the toe of the structure. This implies a significant change
of spectral shape as well. Wave heights are also reduced from roughly 0.14 m
to 0.04 m in this case. With such small wave heights and very long periods
at the toe of the structure, the breaker parameter becomes very large, around
ξm-1,0=14 for a 1:4 slope and ξm-1,0=20 for a 1:2.5 slope.
The studied used now in the EurOTop (2018) is that of Hofland et al. (2017)
[6]. He introduced the new parameter, h̃, in which is incorporated the foreshore










Hofland et al. (2017) was carried the test with the straight foreshore, it can be
seen from the Fig 2.4 for shallow foreshore, the wave period increases slightly
with the decreasing depth, for the very shallow foreshores Tm−1,0,s increases
quicker with depth, finally for the extremally shallow foreshore the increase is
even bigger.
Figure 2.4: Data of the (increase in) measured wave period Tm−1,0 of long-
crested waves on a straight mildly sloping foreshore, as a function of relative
depth with slope correction. The solid line is the fit through the data given
in Eq. (2.7). The dashed lines indicate the ±2σ (root-mean-square variation)
error bands. [6]
For the wave period calculation he used the new formula, defined as:
Tm−1,0,t
Tm−1,0,o
− 1 = 6 exp(−4h̃) + exp(−h̃) (2.7)
Two exponential terms are very important for the calculation of the period
in conditions of shallow and extremally shallow foreshores: for the extremally
shallow conditions is dominant the second exponential term while for shallow
7
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conditions h̃ > 1 the first exponential term. With the Hofland prediction it’s
possible to defined the spectral wave period for long - crested waves.
2.1.2 Mean overtopping discharge
The first study used for the calculation of discharge for seadike with shallow
foreshore is proposed by Van Gent et al. (1999) and also reported in TAW



















• q is the overtopping discharge per meter width of the structure [m3/s/m]
• Rc is the crest freeboard [m]
• γf is the reduction coefficient that considers the effects of the slope
roughness [-]
• γβ is the reduction coefficient that considers the effects of the obliqueness
[-]
• c parameter assumed as normally distributed with mean value to 0-0.92
and a standard deviation σ equal to 0.24
The equations are valid for ξm-1,0 ≥ 7 [2][3][4]. In the case of ξm-1,0 ≤ 5, it is






















In the case of 5 < ξm-1,0 < 7, a linear interpolation is recommended between
the two sets of formulas.
Goda (2009) [14] proposed a simple exponential functional from for the over-



























+ 0.578− 2.22 tan θ
)]
(2.14)
where θ is the angle of the foreshore and htoe is the water depth at te toe of
the structure. The coefficient A0 and B0 are expressed as functions of the dike
slope α:
A0 = 3.4− 0.734 cotα + 0.239 cot2 α− 0.0162 cot3 α (2.15)
B0 = 3.4− 0.5 cotα + 0.15 cot2 α− 0.011 cot3 α (2.16)
the equations were derived by Goda using 715 data points for vertical walls and
1254 data points for sloping dikes respectively, both extracted form CLASH
database. To cover a lack of data in shallow foreshore Goda also used data
from Tamada et al. (2002) [17]. However very few data refer to zero or to very
low water depth at the toe of the dike and no data with emergent toes are
included, therefore, in many case the new set of equations proposed by Goda
have to be used for a preliminary assessment.
Altomare et al. (2016) [11] modified the Van Gent formulation. From the
previous studies it has already been possible to verify a correlation between the
Qmeasured and the Rc/Hm0, but through the use of the scatter - plot - matrix he
identifies a new bond (Fig 2.5). The select data by Altomare are: the measured
discharge, the incident wave height and period. the water depth at the toe of
the dike, the dike slope and the foreshore slope.
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Figure 2.5: Scatter-plot matrix of uniformly scaled variables by [11]
From the Fig 2.6 it can be see:
• the overtopping discharge increases with the wave height;
• a non linear correlation between the wave height and water depth;
• the correlation between the wave overtopping and water depth, for very
shallow water the wave breaking is heavier resulting in smaller wave
height and then smaller overtopping rates.









He assumed to use an equivalent slope by combining the foreshore slope and
the dike. The new parameter c is based by the datasets of CLASH, is assumed
10
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to be normally distributed and is equal to -0.791 and the standard deviation σ
is 0.294. Altomare et al. formula is used in EurOtop (2018) for the design of
coastal structures.
Figure 2.6: Wave overtopping data and prediction using Eq. 2.17 with 5%
under and upper exceed limits [11]
Gallach (2018) [6] proposed the formula based of three coefficients:
q√
gH3m0










• aupdate = 0.0109− 0.035(1.05− cotα) and aupdate = 0.109 for cotα > 1.5;
• bupdate = 2 + 0.56(1.5− cotα)1.3 and bupdate = 2 for cotα > 1.5;
• cupdate = 1.1
The range of application of the formula is for slope angles 0 < cotα < 4 and
the relative crest Rc/Hm0. Also in this formulation the coefficients of roughness
and the obliqueness are equal to one, like Altomare et al. study.
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Figure 2.7: Vertical structures overtopping data compared to the updated
prediction (Eq. 2.18) with its 90% prediction band, Van der Meer and Bruce
(2014) and Allsop et al. (1995). [6]
2.1.3 Individual overtopping volumes
If the structure is not submerged, the overtopping process can be interpreted
as a succession of different individual overtopping events, characterized by a
certain volume and a certain velocity. Therefore, it is a statistical process,
where discharge is expressed in probability overtopping terms (P ov), multiplied












where P ov is the ratio between the number of overflowing waves Nov and the
number of recognizable waves Nw. Since every wave that overflows exceeds the
crest of the structure, P ov sea edge coincides with the probability that the wave
causes an ascent higher than the ridge itself Rc, ie that it results:Ru > Rc.
For regular waves P ov is 0.0 if Ru ≤ Rc or is 1.0 is Ru > Rc.
12
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For irregular waves, Van der Meer et al (1995) [15] suggested we adopt a
Weibull probability distribution, with parameters α and β depending on the
characteristics of the incident waves and on the slope of the parameter, to
calculate the wave ascent in the presence of permissible structures in rocks.
The cumulative density function of the Weibull distribution is defined as:








The value of the shape parameter β has an important influence on prediction
of the maximum overtopping volume. Large value of β means more individual
overtopping volumes with roughly the same value. For a small value of the
shape factor, the tail of the distribution become steep meaning that the majority
of the volumes are small and there are few very large overtopping volumes.
Van der Meer and Janssen [15] analyzed wave run-up and wave overtopping
for sloped coastal structures like revetments and seawall. In particular, the
authors has analyzed 14 sets of measurements with a range of relative crest
freeboard 0.99 ≤ Rc/Hm0 ≤ 3.16 for mild seaward slopes (1:3 and 1:4). They
found that the shape factor β has a constant value of 0.75; the scale factor α
depends of mean average overtopping discharge q [m3/m], the average wave







The definition of this equation results from the average overtopping discharge,
defined as the total volume overtopped Vt and the duration of the event Tt.
The latter can be defined as the product of the number of waves Nw and the











The right term can be defined as the measured average overtopping volume
























is defined α′ and the relation with β is shown in Fig 2.8.
Figure 2.8: Relation between α′ and β
Victor et al. (2012) [16] analyzed data of steep-low crested structures, using
the 50% of the highest from dataset UG10 (364 tests). In particular, the ranges
of application are:
• relative crest freeboard: 0.10 ≤ Rc/Hm0 ≤ 1.69
• slope angol:cotα ∈ [0.36,0.58,0.85,1.00,1.43,1.73,2.14,2.75]
• wave steepness: 0.02 ≤ sm-1,0 ≤ 0.05
The author studied the effect of slope angle α, relative crest freeboard Rc/Hm0
and the waves steepness sm-1,0 on the shape factor β. The found that the latter
is influenced by the slope angle and the relative crest freeboards whereas the






+ 0.526 + 0.15 cotα (2.26)
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α′ = 1.13 tanh(1.132β) (2.27)
Hughes et al (2012) [18] collected three different dataset (27 tests from Hughes
and Nadal (2009) [19]), 364 values from Victor et al (2012) [18] and 14 wave-
only overtopping from Van der Meer and Janssen (1995) [15] and plotted them
versus relative crest freeboard. For each test, the 10% of the highest has been
selected to represent the extreme events (Fig 2.9). The authors suggested a new









Figure 2.9: Weibull shape factor proposed by Hughens et al (2012) [18]
Zanuttigh et al. (2013) [7] analyzed the β values for rubble mound breakwa-
ters and for low crested structures (crest at or just above the water level). In
particular, the authors used two sources of wave-by-wave overtopping data:
• DELOS project: 2D an 3D data for low-crested structures
15
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• CLASH: rouble mound breakwaters and smooth impermeable sloping
structures
The β factor for smooth structures found by the authors depends on the
mean average overtopping discharge q, the spectral wave period Tm-1;0 and the
spectral wave height at the toe of the dike Hm0 and that has also been used bu
EurOTop (2016):






Gallach Sanchez (2018) [6] gathered different tests carried out at the wave
flume of the Department of Civil Engineering at Ghent University (UG10,
UG13, UG14, UG15 and UG16) covering a wide range of hydraulic condition.
In table, a summary of the conditions for all tests:
Parameters Range
Crest freeboard Rc [m] 0-0.2
Incident spectral wave height Hm0 [m] 0.018 - 0.225
Relative crest freeboard Rc/Hm0 [-] 0 - 3.25
Relative wave height Hm0/h 0.03 - 0.5
The author found that the probability distribution of the individual over-
topping volumes follows a Weibull distribution. He suggests a new prediction
formula (Eq. 2.30) to evaluate shape factor β that improves the accuracy for
those cases with zero freeboard.






The maximum individual overtopping volume per meter width can be calculated
starting from the non-exceedance probability of the statistical distribution. If
the volumes follow a Weibull distribution, as indicated by several authors, the
non-exceedance probability is given by Eq. 2.31:










Using the Weibull plotting position formula P (V i) = i/(Now + 1) and setting
the rank i = 1, the maximum volume can be calculated as:
V max = α[ln(Now + 1)]1/β (2.32)
which depends of the shape factor β, the scale factor α and the number
of overtopping waves. The latter, which is proportionally to overtopping
probability Pov and the number of incident waves Nw, it can be calculated as




· [ln(Now + 1)]1/β (2.33)
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2.2 Human stability in overtopping flows
The first that examined the critical characteristics of human stability flow
was Abt et al. (1989) [8], aiming to find a general criterion for defining an
area at high risk of flooding for humans. At that time, safety agencies used a
variety of methods to study floods that were unsafe for the people impacted,
furthermore, none of them were based on the fundamental consideration of
human ability to remain stable during water flood. The parameters studied
in the aforementioned work were flow velocity and depth that make a person
lose stability. A series of tests were carried out in a 61 m long, 2.44 m wide
and 1.22 m deep recirculation channel at the Engineering Research Center
of Colorado State University. On the floor of channel were installed a series
of different materials to study a range of floor/roughness conditions: grass,
smooth concrete, steel and shavings were all tested. In addition, there was
the possibility to change the slope of the channel that gave the opportunity to
study the effects of the tilted floor, with slopes of 0.5% and 1.5% used. The first
phase of Abt et al. (1989) [8] was made using a rigid monolithic to simulate
human body (Fig. 2.10).
Figure 2.10: Rigid monolith used by Abt et al. (1989) research no information
of w and t is given
Results were then used to verify the theoretical envelope for rotational instability.
The rotational instability results from the balance of moment around the point
A in figure, being the main force acting over the body are: the monolith weight
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(W), the buoyancy (B), and the hydrodynamic force (P).
∑
MA = [(W −B)(0.5t)]− [P (0.5d)] = 0 (2.34)
where:
• B = twdγw
• γw=unit weight of water
• P = Cdρu
2
2 An
• Cd=coefficient of drag
• ρ=water density [kg/m3]
• u=flow speed [m/s]
• An=projected area against the flow [m2]
Assuming a uniform velocity in the cross section of the flow, equation was
solved by the author to give a toppling envelope for the rigid monolith. The
curves outlined by the author define the safe condition for the monolithic block
(below the curve) and the one in which it can be overturned by the water (above
the curve) (Fig 2.11).
Figure 2.11: Toppling envelope for rigid body monolith [8]
The experimental results for critical flow depths and velocities at the point of
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toppling were in good agreement with the predicted range. Subsequently, 20
human subjects were tested under a controlled flow: 2 females and 18 males;
weight between 40.9 kg, and 91.4 kg; height from 1.52m to 1.90m. All subjects
wore similar clothing. In addition for safety reasons all subjects wore a helmet
and a harness, connected to a beam over the flume (Fig. 2.12).
Figure 2.12: Experimental setup carried out by Abt et al. (1989) [8]
At the beginning of each test, the subject took position in the test section of
the flume and was exposed to a pre-test, low velocity and depth condition.
All the subjects were allowed to accustom the test, giving her/him the chance
to feel safe in the flow. Then the flow was slowly increased in order to avoid
the generation of waves. During the test, the subject was asked to move in
three directions: against the flow; with the flow, and across the flow. The
test continued until it was impossible for the subject remain stable standing
or walking. Parameters at this points, critical average velocity (ucr) and the
critical depth of the flow (dcr) was recorded. Moreover it was calculated a
product number (”P.N.”) ucr · dcr as an indicator of resistance for each test.
71 tests were conducted, the results of which are shown in Fig. 2.13. It was
concluded by the authors that the monolith results are very conservative, since
its PN was significantly smaller than the found for the human subjects. A
wide range of results for the human subjects were found, explained due to each
person having to inform the team when they could no longer stay stable. In
conclusion, the absence of an actual fall, this is a subjective evaluation likely
to be influenced by each person’s characteristics: their height and weight, and
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also their particular skills, confidence and perception of risk.
Figure 2.13: Critical speed and depth from Abt et al. (1989) experiment [8]
The ability of each person to react and adapt to the flow, through e.g. changing
the position of the feet; leaning into the flow, or using arms for balance, was a
very important factor in determining each subject’s ability to withstand the
flow for longer. For the conditions tested, the results shown that stability was
not affected by the type of surface used, and no clear effect of the floor’s slope
was found. With the results, a methodology to predict the P.N. which could
cause instability of a person was proposed based upon a semi-logarithmic curve,
and as a function of the person’s weight and height.
P.N. = exp
(




• P.N=Product number [fp2/s]
• m=person’s mass [pounds]
• hp=person’s height [inches]
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The first study with the purpose to study the human stability in wave over-
topping flows, reporting on an initiative carried out the 1995 by the Japanese
Port and Harbour Research Institute (PARI), with results reported in Endoh
and Takahashi (1994) [9]. This study was focused on wave overtopping on
breakwaters, which have dual objectives to protect the harbour from storm
waves and also provide public areas for recreation. Three human subjects,
with heights 1.64 m to 1.83 m and weights 64 kg to 73 kg, were tested in a
large current basin, 50 m long and 20 m width, but only the results of two
subjects were reported in Endoh and Takahashi (1994). As in Abt et al. (1989)
study, a flow in a flume was generated and increased until the person lost
his balance, at which point the critical depth (dcr) and velocity (ucr) of the
flow was recorded. In addition to the previous study, in this new study, the
forces due to the flow against the subject were measured with load cells. The
influence of different alignments of the persons against the flow and different
leg separations was included in this study. Moreover,the study of the frictional
coefficient between two types of shoe soles and the different floors was also
included. From the results Endoh and Takahashi (1994) studied two models of
human instability:”slipping” and ”tumbling” (Fig 2.14).
Figure 2.14: Critical speed and depth from Endoh and Takahashi (1994) [9].(a)
General results (b) Results of the subject B.
The first one occurs when the flow force against the body (Ff ) is bigger than
the maximum available friction resistance of the subject (Fr) (this considering
various type of shoe soles) . It is anticipated that for fall due to this mecha-
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nism, the person will tend to fall with legs pointing downstream. The second
mechanism models the falling process rising when the moment produced by
the flow around the feet of the subject is bigger than the restoring moment
produced by the weight of the person.
From figure, a wide scatter in the results is evident, but a trend between the
critical depth at loss of stability (ucr) and the critical velocity of the flow (dcr)
is however evident, even though the subjects used had different characteristics
and different flow tolerance to be unstable (Fig. 2.15).
Figure 2.15: Critical speed and depth from previous studies [9].
In the literature there is a complete absence of quantified data on human
accidents caused by wave overtopping flows. Sandoval (2015) [10], for the first
time, studies real events by analyzing videos, made available by ”YouTube”
or using the camera of mobile phones. Moreover, an extensive INTERNET
search was conducted, finding video evidence from real situations which show
pedestrians being exposed to real wave overtopping flows. From these, it was
possible to analyse the different ways in which the water interacted with the
persons and how they reacted to it. These new results are an important value
because they are estimation from real events, with no scale effects, furthermore,
it was possible to watch the real reaction of people, without safety equipment,
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avoiding the opportunity to get used to pre-test condition and being free to
react instinctively.
Figure 2.16: Flow speed and depth data from the video analysis of actual
events, plotted together with the results of studies from literature by Sandoval
(2015) [10].
In the Fig. 2.16 it is possible to compare the results obtained by Sandoval,
with the analysis of real situation and those obtained from the previous studies.
According to the theories of Endoh and Takahashi (1994), Sandoval understands
that the stability not depends only on the person’s weight and height, but is
also influenced by the position of the person, their way of standing and also by
the coefficient of friction between shoe sole and ground. The analysis for each
mechanism of instability can be derived as follows:
• Friction stability




Ff is the drag force of the flow and it’s the function of the velocity, depth,
the shape of the submerge body and the drag coefficient.





2 ·B · d− µ ·m · g (2.37)
From this equation the critical combination u−d for the friction instability
can be found.
u2 · d = 2 · µ ·m · g




The moments generated by the flows (Mf ) can be calculated as the drag
force applied at the half of the depth. One the other hand the restoring
moment (Mr) is function of the person weight and the distance to the
pivot point (d1).
m · g · d1 − ff ·
d
2 = 0 (2.40)
Replacing the value of the drag force the critical combination u− d for
the moment stability can be found:
m · g · d1 − Cd ·
ρ
2 · u
2 ·B · d · d2 = 0 (2.41)
u · d = 2 ·
√
m · g · dp
Cd · ρ ·B
(2.42)
whit:



















with θ = 45◦, 90◦ (2.45)
where:
u=average flow velocity [m/s]
d=average flow depth [m]
ρ=density of water [kg/m3]
µ=coefficient of friction between shoe sole and ground [-]
Lf=width between the feet [m]
θ=angle of the person against the current [◦]
hp=person height [m]
B=average diameter of the subject legs [m]
A = Bd=the projected area of the submerged part of the body normal
to the flow [m2]
d1= distance form pivot point to the centre gravity [m]
Figure 2.17: Human model standing in front of the flow.
To extrapolate the risk curves using this methodology, Sandoval, on first,
identified an initial position (see Fig. 2.17), this represents a very conservative
assumption because it represents a person surprised by the flow and has not
adjusted position to resist to flow. It is also important define height and weight
of the person. Firstly, it can be seen that the two mechanisms occupies different
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zones where they are the dominant cause of instability. The friction instability
verified in shallow and fast waters and, instead, the moment instability is
dominant in deeper and slower waters. This is explained because the moment
instability mechanism is the one responsible for knocking down a person, indeed,
a considerable depth is needed to generate a large enough moment to defeat
the restoring moment due to the person’s weight.









cd · ρ B · dp
(2.47)
Figure 2.18: Comparison of instability prediction and data from video analysis
of actual event and the results of studies from literature by Sandoval (2015)
[10].
Good agreement is observed considering the shape of the instability curve and
the distribution of the critical points, but only the 34% of the points are located
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in the hazard zone. Moreover, it can be seen that in the lower part of the
graph (friction instability) the prediction work better, instead, in deeper water
the models don’t work very well. In general the points calculated in the video
analysis are located more or less in the zone of the graph where they supposed
to be. In the upper part of the graph the prediction lines lie significantly above
the trend of the data. The buoyancy not being considered as could explain
this one of the forces acting on the person in the derivations of the models.
This produces an unrealistic prediction in situations where the depth is similar
to or greater than the subject’s height. In such a case, it would be expected
that the resistance to being swept away by the flow will reduce to zero, since
the available ground-to-footwear friction will disappear. This omission could
produce and overestimation of the stability under considerable deep flows.
The buoyancy force is simply weight of the water displaced by the submerged
body. This add another variable in this study, because it depends upon the
shape of the human body, changing from person to person, and the clothing
could also affect considerable. Assumptions must therefore be made in order
to solve the problem. Using a body model (Fig. 2.19), Sandoval calculated the
buoyancy as a function of the depth of the flow.











We can calculated Fb(d) as follow:
Fb(d) =
{ m
ρ0·hp · d · ρ · g for 0 ≤ d ≤ hp
V0 · ρ · g = mρ0 · ρ · g for hp ≤ d
(2.50)
with:
• Fb(d)=buoyancy force [N]
• Vd(d)=submerged volume of the body [m3]
• d=water depth [m]
• ρ=water density [1000 kg/m3]
• g=gravitational acceleration [m/s2]
• m=subject’s mass [kg]
• ρ0=density of the human body [≈1,062 kg/m3]
• hp=subject’s height [m]
• V0=total volume of the subject [m]
Using these new expressions, it is possible to modify the relations of Endoh
and Takahashi (1994), as follows:
• Friction stability for 0 ≤ d ≤ hp
Ff − Fr = 0 (2.51)





































• Momentum stability for 0 ≤ d ≤ hp
Fr · d1 − Ff ·
d
2 = 0 (2.55)
as the friction resistance, here the restoring momento is reduced by the
buoyancy force
(m · g − Vd · ρ · g) · d1 − Cd ·
ρ
2u
2 ·B · d · d2 = 0 (2.56)




√√√√m · g · d1
Cd · ρ ·B
·
(









√√√√(1− d · ρ
ρ0hp
)
where CM = 2 ·
√
g · g1
Cd · ρ ·B
(2.58)
The new equations modified the graphics (Fig. 2.20):
Figure 2.20: Comparison of instability prediction regardless buoyancy and
considering buoyancy and data from video analysis of actual event and the
results of studies from literature by Sandoval [10].
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It can be seen that the new prediction work better in the higher part of the
graph, now the 70% of the points are well located in the hazardous zone of
the graph, this give us the indication that the buoyancy force has a significant
effect in the stability of the subjects under deeper waters. Also it is important
that the good agreement in lower part of the graph is not lost due to the
modification of the equations because in shallow waters, the buoyancy force
does not play a significant role in comparison with the person’s weight. It
can also be noted that when the buoyancy force is taken in consideration, the
difference between the moment model and the friction model is smaller when
u < utr compared with the past figure.
Sandoval, through the reports found, was able to examine people of different
sex to better identify the risk zones and also examined a new position (Fig.
2.21). It is supposed that the person reacts to the flow by moving one leg
back-thought to be an instinctive reaction of a person in this kind of situation.
This response generates a larger distance between the pivot point and the
centre of gravity, d1, increasing the restoring moment available. In addition,
the projected area exposed to the flow decreases, as only one leg is receiving
the drag force directly.
Figure 2.21: Second stability position
From Fig 2.22 it can be seen that the change of position from P1 to P2 increase
considerably the moment resistance, due to the increase of d1, but it does not
have a significant effect on the friction stability model since even though the
area against the flow get reduced, the factor Cd increases its value.
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From this, it follows that the change of position will be more effective in case
of deeper-slow flows than in shallow-faster waters.
(a) Female subjects (b) Comparison of results
(c) Male subjects (d) Comparison of results
Figure 2.22: Comparison of instability prediction between ”Position 1” and
”Position 2” by Sandoval (2015) [10].
The last study analyzed within this thesis research is that of Arrighi et al
(2015, 2017, 2019) [21] [23] [22] who, for the first time, compared the experi-
mental data with the numerical model for the human and vehicles. They, from
the data, identified relative submergence and the Froud number, as the most
relevant parameters to estimate the vulnerability of pedestrians and parked




The car is considered a rigid body and the forces acting on this are weight
(W), buoyancy (B), drag, lift effect (Li) and friction (friction coefficient
µ is considered constant and equal to 0.2-0.5 because depends of vehicle
type). Equilibrium to translation on a flat bed happens when friction
forces is balanced by drag forces D acting on the car:
D = (W −B − Li) · µ (2.59)
D = 0.5ρ · Cd · (Hv − hc) · l · U2
W = ρc · g · (Hv − hc) · l · L
B = ρ · g · (Hv − hc) · l · L
Li = 0.5g · ρ · Cl · (Hv − hc) · l · U2
where:
– ρc is the car average density;
– ρ is the water density;
– Hv is the height of vehicle;
– hc is the distance of the chassis from the ground;
– l and L are the the frontal width and the lenght of the vehicle;
– H is the water depth;
– U is the flow velocity;
– Cd is the drag coefficient;
– Cl is the lift coefficient








= 2L · ρc(Hv − hc)− ρ(H − hc)
ρ(H − hc)(Hv − hc)
(2.60)
the dimensional term is:






g · (H − hc)
(2.62)
and θv is defined as the mobility parameter of the vehicle.
The regression curve value-added by Arrighi et al can be written as:
HcrV
HV
= 0− 0.05Fr + 0.34 (2.63)
when (H/HcrV ) < HV it has a safe condition otherwise unsafe condition
• Human vulnerability
As for the vehicle also for the human can be possible individuated the
equilibrium between the friction forces and drag forces:
D > (W −B − Li) · µ (2.64)
D = 0.5ρ · Cd ·HP · l · U2
W = ρP · g · (d ·HP · l)
B = ρ · g · (d ·H · l)
Li = 0.5ρ · Cl ·HP · l · U2
Through these formulations it was possible to write:
0.5U2 ·CD ·HP +(0.55U2 ·Cl ·HP ) ·µ = [(g ·HP ·d)− (g ·H ·d)] ·µ (2.65)

















and the second term of the Eq 2.66, θP , is defined as the mobility
parameter fro sliding instability of the people standing in floodwaters.




= 0.290.24 + Fr (2.68)
when (H/HcrP ) < HP it has a safe condition otherwise unsafe condition.
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The Arrighi et al. (2019) results are summarized in this graphics:
Figure 2.23: Regression curves used to assess the vulnerability of pedestrians











T he geometrical layout used for the experimental campaign resembles thebeach and coastal protection in the area of Premià de Mar, municipality
in the Comarca of the Maresme in Catalonia, Spain.
Figure 3.1: Top view by Google Maps.
In particular, the area nearby the railway station has been studied. This
stretch of the coast, in fact, present both railways and a bike path a few
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very exposed to possible sea storms, being located at a few meters from the
shore. See figure 3.2. Besides issues related to people safety, the vicinity
of the railway to the sea has already caused in the past several problems
and service interruption of the public transport for a line that is strategic
for the zone, connecting it directly to the metropolitan area of Barcelona
(e.g. https://www.elperiodico.com/es/sociedad/20190425/linea-r-1-rodalies-
maresme-acumula-semana-retrasos-oleaje-7424487). Close to the railway sta-
tion, the dike slope has been estimated equal to 1:1. In the physical model tests,
the effect of the rubble mound has been neglected, considering a smooth slope,
in stead. Due to lack of bathymetric data in the area, two different foreshore
slope were considered, namely 1:15 (steep) and 1:30 (gentle). Different widths
for the promenade between the dike edge and the station were considered to
be representative of the different stretches along the coastline.











I n this chapter will be show how experiments were carried out. It will bedescribed the whole procedure to execute a sensitivity analysis on the
collected data.
4.1 CIEMito
Physical model experiments are carried out in the small scale ”CIEMito”
(Fig 4.1) wave flume at Laboratori d’Enginyeria Mar̀ıtima (LIM) from Univer-
sitat Politècnica de Catalunya-BarcelonaTech (UPC) in Barcelona.
Figure 4.1: ”Views of the small scale wave flume at LIM/UPC”
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CIEMito has a total length of 18m, with a useful section of 0.38m wide and
0.56m high and a maximum water depth of 0.36m. The supporting structure
consists of square section metal profiles while the side and back walls are made
of 5+5mm thick tempered glass. The wave generation is carried out using a
piston wave-maker, whose motion is provided by a linear actuator with 1m
maximum stroke and speed of response 1.6m/s. Water depths of 0.29 - 0.30
- 0.305 - 0.31m are tested, corresponding to 14.5m, 15m, 15.25m, 15.5m in
prototype, assuming a model scale of 1:50. Two dikes were installed: the
first with 1:15 foreshore slope and the second with 1:30 foreshore slope that
corresponding at the real slope of the case study (Fig 4.2). The freeboards Rc,
promenade width and toe depth htoe varies between the valued summarized in
this table:
htoe[m] Rc [m] Promenade [m]
Prot. 0.009-0.019-0.024-0.029 0.81-0.071-0.066-0.066 0.12-0.24
Model 0.45-0.905-1.2-1.45 4.05-3.55-3.3-3.05 6-12
Figure 4.2: a) Case - slope 1:15; b) Case - slope 1:30
4.1.1 Measurement setup
Overtopping flow measurement system consists in:
• overtopping tank with two loads cells to measure the weight of the
overtopping water later converted into volume;
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• two high - speed cameras to measure overtopping flows and velocities;
• two ultrasonic sensors (AWG) on the dike top to measure flow depths
and velocities [Appendix1];
• besides, eight resistive sensors have been placed along the flume to measure
water surface elevation at different locations. The sensor consists in two
stainless steel wires, the current that flows between the wires is converted
in voltage that is directly proportional to the immersed depth.
(a) Loads cells (b) Speed lateral camera
(c) Ultrasonic sensors (d) Five resistive sensors
Figure 4.3: Measurement devices
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4.1.2 Control system
The functioning of the CIEMito is based on the use of different software
that are used both to generate the desired conditions and to convert the data
obtained from the tools mentioned above. The system control consisted of:
• ”CiemGen v.1.2” software developed by LIM/UPC allows the generation
of regular and irregular waves and time series reproduction (Fig 4.4);
• ”WaveLab 3.676” software developed by University of Aalborg allows
calibration of eight resistive sensors and records data sensors during the
test (Fig 4.5);
Figure 4.4: Window of ”CiemGen v.1.2”
Figure 4.5: Window of ”WaveLab 3.676”
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• ”CiemConv v1.2” software developed by LIM/UPC allows the conversion
of WAVELAB data (Fig 4.6);
Figure 4.6: Window of ”CiemConv v1.2”
• ”CatManEasy V3.4.2” software developed by ”HBM Italia s.r.l.” allows
calibration of two ultrasonic sensors and two load cells and records their
data during the test (Fig 4.7);
Figure 4.7: Window of ”CatManEasy V3.4.2”
• ”StreamPix 7x64 Edition SingleCamera or DubleCStreamPix 7.5.0.0”
software developed by ”NorPix, Inc.” that allows to capture videos and
images from the cameras (Fig 4.8).
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Figure 4.8: Window of ”StreamPix 7.5.0.0”
In this table it’s shown the distances between the instrument and the struc-
tures from the wave maker.
Sensors/layout Dist. from the WM(1:15) Dist. from the WM(1:30)
WG 0 2.80 m 2.80 m
WG 1 2.96 m 2.96 m
WG 2 3.15 m 3.15 m
WG 3 3.40 m 3.40 m
WG 4 3.69 m 3.69 m
WG 6 7.20 m 7.20 m
WG 7 8.20 m 8.26 m
WG 5 9.20 m 9.20 m
Dike toe 10.38 m 10.38 m
Dike crest 10.47 m 10.47 m
Start foreshore 7.20 m 7.20 m
Start transition slope 8.26 m 8.26 m
CAMERAS/AWG ∼=10.60 m ∼=10.60 m
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4.2 Test procedure
The test in general is carried out in three distinct phases:
1. first phase, called calibration, in which all the instruments are tested to
verify their proper functioning;
2. a second phase, is the test itself, in which the selected conditions are
generated and the test is carried out;
3. a last phase in which the test is completed and the data from the various
programs used are collected.
4.2.1 Calibration phase
• AWG Calibration:
The AWG calibration is conducted with the software ”CatManEasy V3.4.2”
and a parallelepiped-shaped specimen (0.075m x 0.075m x 0.027m). The
specimen is placed below the sensor and it is verified, through the use of
two points, that the machine is working in the correct way (Fig 4.9).
(a) Window of CatMan’s Calibration (b) Measurement with spacemen
Figure 4.9: AWG calibration
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• Resistive sensors calibration:
The resistive sensors calibration is conducted with the software ”WaveLab
3.676”. The sensors are moved manually to two different points chosen
before calibration (-0.04m and 0.00m), if they work correctly the software
extracts a straight line that joins the selected points (fig 4.10).
Figure 4.10: Window of ”WaveLab 3.676”
• Load cells calibration:
The Load cells calibration is conducted with the software ”CatManEasy
V3.4.2” and Excel and with the use of beakers. In order to evaluate its
good functioning, variable quantities of water are introduced into the
cells and through the ”CatManEasy V3.4.2” software it is verified that
the machines calculate the right force (Fig 4.11); subsequently all the
various successions of water injections are plotted in Excel in a graph
verifying that the empirical values and those of the machine coincide and
that, therefore, it returns in output a regression line with a coefficient of
determination of approximately equal to one (Fig 4.12).
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Figure 4.11: Calibration with ”CatManEasy V3.4.2”
Figure 4.12: Output in ”Excel”
4.2.2 During the test
Once the various instruments have been calibrated, the test can begin. First
of all, the working conditions are set using the ”CiemGen v.1.2” software (Fig
4.13), in that it’s possible to set water depth, wave height Hm0, the peak period
Tp, the value of spectra enhancement factor γ which is fixed and equal to 3.30
for a standard JONSWAP spectrum. Employing same wave conditions (Hm0,
Tp), different time series can be generated varying a seed number, hence the
phase assigned to each spectra wave component. More than four hundred tests
were conducted during the thesis period, in which different conditions were
considered depending on the slope of the beach, the promenade used and the
desired return time.
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Figure 4.13: Windows of ”CiemGen v.1.2”
In the following tables it is possible to see all the combinations studied, the
scale used was 1:50:
Model scale:
Slope TR [y] Hm0 [m] Tp [s] SEED Depth [m] Prom. [m]
1:15 1 0.085 1.69 1;5 0.29-0.30-0.31 0.12-0.24
1:15 2 0.0882 1.74 1;5 0.29-0.30-0.31 0.12-0.24
1:15 5 0.10 1.79 1;5 0.29-0.30-0.31 0.12-0.24
1:15 >10 0.11 1.4 1;5 0.29-0.30-0.31 0.12-0.24
1:15 >10 0.10 1.4-1.5-1.6 1;5 0.29-0.30-0.31 0.12-0.24
1:15 >10 0.09 1.4-1.5-1.6-1.7 1;5 0.29-0.30-0.31 0.12-0.24
Slope TR [y] Hm0 [m] Tp [s] SEED Depth [m] Prom. [m]
1:30 1 0.085 1.69 1;5 0.305-0.31 0.12-0.24
1:30 2 0.0882 1.74 1;5 0.305-0.31 0.12-0.24
1:30 5 0.10 1.79 1;5 0.30-0.305-0.31 0.12-0.24
1:30 >10 0.11 1.4 1;5 0.305-0.31 0.12-0.24
1:30 >10 0.10 1.5-1.6 1;5 0.30-0.305-0.31 0.12-0.24
1:30 >10 0.09 1.4-1.5-1.6-1.7 1;5 0.305-0.31 0.12-0.24
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Prototype scale:
Slope TR [y] Hm0 [m] Tp [s] SEED Depth [m] Prom. [m]
1:15 1 3.60 11.96 1;5 14.5-15-15.5 6-12
1:15 2 4.01 12.28 1;5 14.5-15-15.5 6-12
1:15 5 4.59 12.67 1;5 14.5-15-15.5 6-12
1:15 >10 5.55 9.9 1;5 14.5-15-15.5 6-12
1:15 >10 4.59 10.6-11.3 1;5 14.5-15-15.5 6-12
1:15 >10 4.50 9.9-10.6-11.3-12 1;5 14.5-15-15.5 6-12
Slope TR [y] Hm0 [m] Tp [s] SEED Depth [m] Prom. [m]
1:30 1 3.60 11.96 1;5 15.25-15.5 6-12
1:30 2 4.01 12.28 1;5 15.25-15.5 6-12
1:30 5 4.59 12.67 1;5 15-15.25-15.5 6-12
1:30 >10 5.55 9.9 1;5 15.25-15.5 6-12
1:30 >10 4.59 9.9-10.6-11.3 1;5 15-15.25-15.5 6-12
1:30 >10 4.50 9.9-10.6-11.3-12 1;5 15.25-15.5 6-12
Figure 4.14: Data Acquisition with ”CatManEasy V3.4.2”
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Figure 4.15: Data Acquisition with ”WaveLab 3.676”
Once the working condition has been set, the test is ready to be started,
usually it lasts between 20 and 25 minutes for 1000 waves. The acquisition of
data from the sensors and the loads cells takes place through the two programs,
namely ”WaveLab 3.676” and ”CatManEasy V3.4.2” (Fig 4.14 - 4.15). The
tests with the same conditions were repeated twice: once without cameras,
to obtain the values of the time and volume of the maximum event (after
a post-processing with Matlab R2018a), and the second time using also the
cameras for the next comparison.
4.2.3 Data collection
Once the test has been completed, the data are collected. In the following
summary table it is possible to see all data collection:
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OUTPUT INSTRUMENTS FILE FORMAT EXTENSION
η WG text .txt
u AWG, cameras text, image .vol, .tif
λ AWG, cameras text, image .vol, .tif
q, V LC text .vol
Data from ”CatManEasy V3.4.2” is saved within two text files that, sub-
sequently the conversion file is plotted inside the calculation program ”Matlab
R2018a”, in output we obtain the values of the discharge q in model and the
total overflowing volume Vtot, the volumes in prototype, the total one Vmax,prot,
the V1/3,prot and the V1/10,prot, which are the average of the third and tenth
highest values in the series, the velocity (uAWG) (Eq 4.1) and flow depth (λAWG)
and the time of the peak overtopping event Tmax (Fig 4.16).
uAWGttip ; uAWGtmaxV OL = AWGdist/∆ [m/s] (4.1)
Where ∆ = ∆ttip or ∆tmaxV OL of AWG, respectively the temporal distance
between the two maximum points and the distance at which it crosses a point
set by the user in principle.
Figure 4.16: Example of output graphics and values by ”Matlab R2018a”
As mentioned above, during the test, the maximum overtopping event is
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resumed through the cameras, which work at 200 frames per second. From
the acquired images we can obtain the velocity because we know the distance
between the two sensors, the number of frames of the event, which will vary
from case to case and the scale at which we are working. Knowing these data







The calculation of the velocity and the flow depth, through the cameras, is a
manual procedure in which the images coming from the software are analysed.
(a) First measuring point (b) Second measuring point
Figure 4.17: Example velocity measuring with lateral camera - nframe=18
(a) First measuring point (b) Second measuring point
Figure 4.18: Example velocity measuring with upper camera - nframe=16
As far as the velocity is concerned, it is first necessary to define the distance
between the two AWGs then, subsequently, it is possible to identify the maxi-
mum height that one has for the two sensors to determine the exact number
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of frames of the event (Fig 4.17 - 4.18). Guidelines were used to carry out
the measurement: for the upper camera, lines of 1cm were marked on the
promenade; while for the lateral camera a 0.5cm graph paper was applied.
With the lateral camera it’s possible calculated also the flow depth (λcam) using
graph paper (Fig 4.17b). Once all the data has been collected, it is possible to
implement an Excel database, which proved to be fundamental for the analysis
of the results carried out later. The Excel file contains columns:
• the date of the text;
• the number of waves;
• the Hm0,o, Tp in model and prototype [m],[s];
• the water depth h in model and prototype [m];
• the promenade width in model and in prototype [m];
• values in model and prototype of htoe=h-toe dike [m];
• values in model and prototype of Rc=dike height-htoe [m];
• the values of q in model and prototype, qprot = q · 501.5 [l/s/m];
• the values of Vtot,mod [m3];
• the values of Vtot,prot, V1/3,prot, V1/10,prot [l/m], which are the average of
the third and tenth highest values in the series;
• the values of Tmax,mod, fundamental for calculating the velocity and flow
depth of the maximum overtopping event with the cameras [s];
• the distance between AWG [m];
• the λcam calculated with the lateral camera in prototype [m];
• the λAWG calculated with the AWG in prototype [m];
• the velocity calculated with the cameras (ucam) using Equation 4.2 [m/s];
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• ∆ttip and ∆tmaxV OL of AWG, respectively the distance between the two
maximum points and the distance at which it crosses a point set by the
user in principle;
• the uAWGttip = AWGdist/∆ttip ·
√
50 [m/s] in prototype;
• the uAWGtmaxV ol = AWGdist/∆tmaxV OL ·
√
50 [m/s] in prototype;
• the average (umean) between velocities uAWGttip , uAWGtmaxV ol and ucam
[m/s];
• the average (λmean) between flow depths λAWG and λcam [m/s];
• any comments.
The complete data are contained in Appendix 2. The results obtained from
all the tests are analyzed in the following chapter, in fact we will research
the relationships between the various parameters that, subsequently, will be
compared with the current literature and formulas of EurOtop (2018).
4.3 Incident wave conditions at the toe of the
dike
The last tests were carried out removing the dike and placing in stead
an horizontal bottom by absorption material (Fig 4.19). The scope was to
calculate the incident wave conditions at the toe of the structure, minimizing
the wave reflection. The values obtained from the resistive and acoustic sensors
were compared.
The sensors WG6, WG8 and AWG were placed one at the beginning of the
beach while the other at the toe of dike (=end of the foreshore) (Fig 4.20). It
was possible to carry out this analysis for the 1:30 foreshore slope. The position
of the WG7 sensor, on the other hand, has not been modified, since, starting
from a visual analysis of the previous tests, it has been verified that in that
area there is the breaking of the waves.
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Figure 4.19: Case without dike
Figure 4.20: a)AWG1, WG6; b)AWG0, WG8; c)CIEMito without dike
The objectives of these new tests are two:
1. to obtain values at the toe of the structure that are also used in the
current literature to be able to compare them;
2. spectrum filtering below a set value of f < 1/TRe = 0.05 Hz, where the
resonance period has been calculated previously and equal to TRe = 15 s
(Fig 4.21). If we find oscillations of the period of the order of the
characteristic period of resonance, f, Tf ∼= TRe, we can assume that such
oscillation are due to the same resonance and therefore must be removed.
Otherwise, let’s consider a part of the energy that is created by model
effects but that does not correspond to real cases, where the resonance is
not present.
The results obtained from the tests have been of fundamental importance for
the evaluation of scale effects, where viscosity and surface tension are evaluated.
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Moreover, through this data it was possible to compare the results obtained
experimentally with those obtained numerically through the ”SWASH” program
[25], fundamental for cases with 1:15 slope where this type of test was not
carried out.
Figure 4.21: Example of a water surface energy spectra at different station,
as it can see, they tend to move to the left and decrease its energy. Image by











T he tests carried out were 419 and the data obtained are described inthis chapter. First of all, all the data were analyzed to verify that
none of them showed abnormal values. From this first sorting, 4 tests were
eliminated in which the volume measurement was not present. The uAWGttip
was not considered in the average velocity calculation (umean) because, it
was verified that the method does not comply with the values obtained both
from the cameras and ∆tmaxV OL, so it was agreed to abandon this calculation
methodology in order not to distort the analysis. Therefore, the values of
the velocity (umean) and flow depth (λmean) of the overtopping event were not
considered because, either they had a umean > 15 m/s, or a λmean > 2 m (umean
and λmean values not conform with reality. In summary, the analyses were
carried out on 415 tests: 193 cases with a 1:15 slope and the remaining 222
with a 1:30 slope of the beach. The study purposes are:
1. researching results;
2. comparison with the actual literature for the values of discharge, wave
period evolution and overtopping volumes probability;
3. scale effects calculation.
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5.1 Results
Here will be presented graphs containing the data divided for different wave
overtopping parameters and different slopes.
In the Fig 5.1 is shown the discharge (q) versus the overtopping volume (V ).
Figure 5.1: Discharge versus overtopping volume for different slopes
In this figure, the dates are divided according to the slope of the beach. The
discharges have values between 0.2 - 52.7 l/s/m for slope 1:15 and 0.7 - 23.1
l/s/m for slope 1:30, while the volumes are within a range between 400 - 11000
m3 for slope 1:15 and 460 - 8500 m3 for slope 1:30. From the graph, it can
be note that the V1/3 and V1/10 are grouped in a more uniform way, with
few cases that move away from the main cloud, while the Vmax it has more
dispersion; for this reason, in the comparison with the literature, it will refer to
the another volume (it will be defined later) and not to the maximum volume.
The relationship between q and V seems pretty linear in fact, larger volumes
correspond to higher discharges and vice versa. Higher values correspond to
cases with larger Tp, Hmo and depths, lower values correspond to cases with
lower inputs. It can also be noted that the slope of the beach plays a key role:
for cases with 1:15 slope we have higher volumes and flow rates than the data
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obtained with the real slope.
In the Fig 5.2 and 5.3 are shown the discharge (q) versus overtopping velocity
(u) and flow depth (λ)
Figure 5.2: Discharge versus velocity for different slopes
Figure 5.3: Discharge versus flow depth for different slopes
The velocity has values between 0.1 - 15 m/s for slope 1:15 and 0.74 - 15 l/s/m
for slope 1:30, while the flow depth are within a range between 0.25 - 2.0 m
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for slope 1:15 and 0.1 - 2.0 m for slope 1:30. The trend cases are exponential,
in fact the discharges and the velocity, like depth, they can be different: for
higher q , u and λ can had values higher or smaller according the overtopping
event and vice versa. The slope role is fundamental in fact from the graphs it
can be noted: the curve in the cases of slope 1:30 is always higher than the
cases of slope 1:15, this means that the case 1:30 has the values more variables
while for slope 1:15 the trend is more homogeneous.
In the Fig 5.4 is shown the overtopping velocity (u) versus flow depth (λ).
Figure 5.4: Velocity versus flow depth for different slopes
In this graph it can be seen, like the first relation between q and V , that the
cases with the slope 1:30 stay in an homogeneous group while the others (slope
1:15) are arranged in different parts of the graph. It’s important notes that
umean and λmean don’t have a linear relation, in fact it can had an overtopping
velocity smaller and a splash (higher depth) or the contrary or again the two
values may be proportional to each other.
Variability may depend on:
• promenade width;
• period of the overtopping wave;
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• different slope;
• input condition
This results will be fundamental for the future analyses, especially the last figure
because for the first time, the period of the overtopping event is important.
5.2 Comparison with the literature
In this section, the previous literature is compared with the experimental
values, in particular the equations 2.17, 2.7, 2.30 used in the EurOtop (2018)
[13]. All values have been separated for different slopes to check their behavior.
5.2.1 Overtopping discharge
The comparison with previous literature is complex because, none of the
formulas is based on models with the same characteristics proposed in this
thesis research. The application range of all the formulas is summarized in this
table:
Measured Altomare et al. Goda Gallach
Rc/Hm0 1.85 - 6.9 1.4 - 3.8 0 - 3.9 0 - 3.25
htoe/Hm0 0.68 - 1.38 -0.88 - 1.28 0 - 1.4 -
Hm0/htoe - - - 0.03 - 0.5
cotα 1 2 - 3.6 1 - 7 0 - 2.75
cot θ 15 - 30 35 - 50 10 - 30 -
sm−1,0 - 0.0001 - 0.01 - 0.01 - 0.056
ξm−1,0 0.61 - 8.29 - - 2 - 14.7
In the Fig 5.5 is proposed the comparison with the Altomare et al. (2016)
formula (Eq 2.17), used also in the EurOtop manual (2018), in which all values
have been considered in dimensional terms Q = q/
√
gH3m0,toe and the heights
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ratio.
As it can notice from the graph:
• many cases with slope 1:30 are within the formula range, the others
exceed the upper limit;
• the cases with slope 1:15 are below the lower limit, except for few events.
• the yellow values range (slope 1:15) stay in the left part of graph while
the orange values (slope 1:30) are in the right part, this means that the
dimensionless height value is larger for the higher cot θ.
Figure 5.5: Comparison with Altomare et al. (2016) formula (Eq 2.17)
Altomare et al. (2016), in their studies did considered the shallow and very
shallow condition, for this reason many cases are in accordance with his formula,
moreover the lower limit cot θ is similar with the one analyzed in the real case
but, at the same time they didn’t proposed a formulation for steep slopes, as
1:15 or dike slope, and for this reason the yellow points are not in conformity
with the equation he suggested.
In the Fig 5.6 and 5.7 are shown the comparison with the Goda (2009) and
Gallach (2018) formulas (Eq 2.12, 2.18). They, unlike Altomare et al. (2016),
didn’t considered the shallow and very shallow condition precisely for this, as
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can be noted from the graphs, all values calculated with their formulations
are upper the curves. In addition, the yellow values (slope 1:15) that have the
values of 6 < Rc/Hm0 < 7 are the tests with less depth (0.29cm in model), this
confirms the hypothesis initially made. Goda (2009) is the only one who has
considerer the slope dike but, his dates are few for a true comparison.
Figure 5.6: Comparison with Goda (2009) formula (Eq 2.12)
Figure 5.7: Comparison with Gallach (2015) formula (Eq 2.18)
Finally, the measured and calculated dimensional discharges have been com-
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pared (Fig 5.8, 5.9, 5.10) for each formulation in the literature. It can be
noted in all graphs that the calculated values are greater than those measured
(6.93 · 10−5 < Qmeas < 8.54 · 10−3), moreover the data with slope 1:30 are
grouped, while the others (slope 1:15) are separated.
Figure 5.8: Qmeas versus Qcal Altomare et al (2016) formula (Eq 2.17)
Figure 5.9: Qmeas versus Qcal Goda (2009) formula (Eq 2.12)
In Altomare et al. (2016) (Fig 5.8), the data, as in the previous graph, are
more near the formula limit, few values (slope 1:15) are within the range, but
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Figure 5.10: Qmeas versus Qcal Gallach (2016) formula (Eq 2.18)
all others are higher. It gets this result because the equation considers shallow
waters, unlike the others. In Goda (2009) and Gallach (2018) (Fig 5.9, 5.10)
the values are further away from the limits, because the range of Qcal is bigger
than Altomare et al. results. The most distant data are always those with less
depth.
In this table it is summarize the range of Q
Altomare et al. Goda Gallach
Qcalc,min 4.94 · 10−8 5.02 · 10−23 1.75 · 10−11
Qcalc,max 1.60 · 10−3 2.78 · 10−8 4.70 · 10−4
5.2.2 Wave period evolution
As regards the assessment of wave period evolution, the Hofland et al.
formula (2017) (Eq. 2.7) in EurOtop (2018) was compared. In this case,
only tests with 1:30 slope were considered, as only in those tests were carried
out experiments to calculate the toe conditions (to see chapter 4.3), for the
comparison with the other slope (1:15) will be necessary the numerical model
(SWASH, [25]) for calculate the missing data.
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It can be noted from the Fig 5.11 the values are divided in three groups:
1. the first above the upper limit with depth equal 0.30cm in model;
2. the second, the largest, which is within the range of the formula with
depths of 0.305 and 0.31cm;
3. the third, composed only by five values, below the lower limit with input
conditions, in model: depth=0.31cm; Hm0=0.0882 - 0.085 [m]; Ts=1.74 -
1.69 [s].
Figure 5.11: Comparison with Hofland et al. (2017) formula (Eq 2.7)
This results confirm the authors studies, in fact they worked under conditions
similar to these (slope 1:35 and shallow condition) and came to the same
conclusions:
• the formulation is valid for shallow and very shallow conditions;
• Tm−1,o increases dramatically when the depth decreases and decreases
when the depth increases (group 1 and group 3).
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5.2.3 Individual overtopping volumes
For the overtopping volumes probability evaluation, for the fist time, it
was considered another volume, V10% with Vmax. Unlike V1/10, the V10% is the
volume value that is exceeded by only 10% of all values in the series, i.e. it’s
the minimum of the V1/10 values of the series. The introduction of V10% was
fundamental for calculation of the Weibull volume distribution.
The steps performed were as follows:
1. Calculation of V10%,meas trough the program ”MATLAB” for each test;
2. Calculation of P10%,meas, the probability associated with the V10%,meas;
3. Calculation of α and β parameters of Weibull distribution;
4. Trough α and β it was possible to calculate V10% Weibull,calc and compare
it with the measured value.
Figure 5.12: V10%,meas versus V10% Weibull,cal
Fig 5.12 shows that the calculated and the measured values are similar, in fact
the R2 is approaching the unit. Once the hypothesis was verified it was possible
the comparison with previous literature, in particular with the Zanuttingh et
al. (2013) and Gallach (2018) formulas (Eq 2.29; 2.30).
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Figure 5.13: V10%,meas versus V10%,cal
Figure 5.14: Vmax,meas versus Vmax,cal
The Fig 5.13 and 5.14 show the relationship between the values measured and
calculated, it can be noted:
• the V10% values are grouped while the Vmax are separate, so it will take
more account of the first than the second;
• the values calculated with the Zanuttingh et al. (2013) formula are
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approaching to those measured but, they are still larger;
• for Gallach (2018) formula, the calculate values are always higher than
the measured values.
Figure 5.15: βmeas versus βcal
Figure 5.16: αmeas versus αcal
The difference between two formulation is the definition of β coefficient and
consequently also α coefficient (Fig 5.15, 5.16), in Gallach it is function of the
ratio Rc/Hm0 and remembering the experimental work condition, it’s verified
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that the Gallach values are upper because, in his studies, he didn’t consider the
shallow water. Looking at the figures it can be noted the above hypothesis are
verified. Moreover, from the α formulation it shown the proportionality with
discharge and, for this reason it can be verified the proportionality between
q and V . Also Pov value influences α calculation, in fact they are inversely
proportional (Eq. 2.25). The formulas range are summarized in this table:
Measured Zanuttingh et al.cal Gallachcal
α [l/m] 372 - 1661 20 - 3949 21 - 3530
β [s] 1.1 - 4.7 0.77 - 4.2 0.84 - 1.1
Both authors do not consider the promenade values, which can increase or
decrease the overtopping volumes probability and this is the literature limit.
5.3 Scale effects
Scale and model effects result from incorrect reproduction of a prototype
water-structure interaction in the scale model. Measurement effects are due
different measurement equipment used for sampling the data in the prototype
and model situations. These effects, which are referred to as ”measurement
effects” may significantly influence the comparison of results between prototype
and model, or two identical models. It is therefore essential to quantify the
effects and the uncertainty related to the different techniques available.
The method of calculating the scale effects is described within the EurOtop
(2018) [13]:
1. first, it is necessary to calculate the run up value (Eq. 5.1, 5.2) and it is
considered the minimum value between:
R2%,max
Hm0










CHAPTER 5. DATA ANALYSIS
2. subsequently the limits imposed on viscosity (Reynolds Eq. 5.3) and
surface tension (Weber Eq. 5.4) are assessed:
Req,Reynolds > Rcrit = 103 (5.3)







uA · hA · ρw
σw
(5.6)
3. then, the next scale factors correction are calculated:
fCLASH = 1 for q ≥ 0.01m3/s/m (5.7)
fCLASH = 1 + 5
[(
− log q + 22
)3]





4. finally, the new discharges are calculated:
qCLASH = qprot · fCLASH (5.10)
qSchuttrumpf = qprot · fSchuttrumpf (5.11)
For this particular case, the limit imposed on surface tension is always verified,
except for 11 cases where the velocity calculated with the two methods (AWGs
and cameras) are very different from each other. As further assessment of
possible scale effect, the ”Artificial Neural Networks” (ANNs) has been employed
(see further details in EurOtop (2018) [13]). ANN was used to predict the
mean overtopping discharge and compared it with measured values. Significant
differences between predicted and measured, especially with lower measured
discharges, would suggest possible scale effects values.
The input values for ANN are summarized as follow:
• test name.
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• cotθ with slope 1:30 and cotα;
• htoe, ht and Rc;
• Hm0,toe and Tm−1,0,toe;
• Promenade width;
• γb, γf , γv;
By mean of the ANN it has been possible to compare the experimental data
obtained with ”CIEMito” and verify that they are inside the cloud derived by
the method (Fig 5.17).
Figure 5.17: Results by Artificial Neural Networks, the values obtained by
CIEMito are within the cloud, the scale effects are minimum
The Q95%,ANN , Qmean,ANN , Q5%,ANN were calculated (Eq. 5.12) and compared
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Where q = q95%,ANN ; qmean,ANN ; q5%,ANN [m3/s/m], the measured discharges,
the discharge values that are exceeded by only 95%, 50% and 5% of all values
in the series respectively. The values are within the limits and this verify also
the hypothesis: the scale effects are minimum and may be overlooked.
Figure 5.18: Q versus Rc/Hm0,toe
Figure 5.19: fscale versus q [m3/s/m]
Finally, the Fig 5.19 shows how the CLASH scale factor is almost always close
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to unity and for this reason the discharge values do not change, while for
Schuttrumpf (2001) [24], the result depends a lot on the conditions, especially
on the value of the cotα. In fact considers lower slopes. Consequently, the
coefficient within the formula should be changed, but the results are in line
with the author’s considerations (Fig 5.20).
Figure 5.20: Influence of viscosity on wave run-up velocities [24]. The colored












I n this chapter, the experimental results are compared with the EurOtop(2018) [13] limits (Fig 6.1) and with the Sandoval (2015) and Arrighi et al.
(2019) stability curves (see chapter 2.2).
All values have been separated for different slopes and promenades to check
their behavior.
Figure 6.1: Overtopping limits for people and vehicles [13].
CHAPTER 6. DISCUSSION
According EurOtop manual (2018) a structure could be considered safe for
people and vehicles when the volume and the discharge values are within certain
limits (Fig 6.1). Firstly, the experimental results, divided for different slopes
and promenades, are compared with the EurOtop (2018) limits (Fig 6.2, 6.3,
6.4, 6.5).
Figure 6.2: Volume versus discharge, comparison with the EurOtop (2018)
limits (slope 1:15).




Figure 6.4: Volume versus discharge, comparison with the EurOtop (2018)
limits (promenade 6m).
Figure 6.5: Volume versus discharge, comparison with the EurOtop (2018)
limits (promenade 12m).
Figures 6.2, 6.3, 6.4, 6.5 show:
1. the volume values are not within the limits for the people (<600 m3),
except for few cases;
2. the volume values are within the limits for the vehicles for cases with
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slope 1:30 (Fig 6.3), while it is not verified for the slope 1:15 (6.2) and
different promenades (Fig 6.4, 6.5), in these the situations are similar
(<2000 m3)
3. the discharges values are within the limits for all conditions
Therefore the EurOtop (2018) limits are not verified for this particular case,
the volume, based on these preliminary considerations, is the stronger limiting
condition. Other parameters, umean and λmean, were considered for the safety
assessment. The safety condition are evaluated through the stability curves
of Sandoval and Arrighi et al. and the discharge values are divided in three
range based on EurOtop manual (2018) (q < 5; 5 < q < 15; q > 15 [l/s/m]).
Analyzing the graphs, it can be seen that:
• from the comparison with Sandoval and Arrighi’s formulas (Fig 6.6; 6.7;
6.8; 6.10) it can be observed that not all values are in unsafe region,
even if all cases present individual overtopping volumes higher than the
threshold proposed in EurOtop (2018);
• the values within the safe zone for vehicles are verified also by the Arrighi’s
formula (2019) (Fig 6.9, 6.11);
• in the EurOtop (2018) the discharges values are almost always verified
for the people. Here isn’t true, in fact, considering the formulas, most of
the cases are within the unsafe zone;
• the longest promenade (12m) has more values in the safe zone also
for values of discharge higher, idem for the lower slope (1:30) in both
formulations. In the Arrighi and Sandoval’s formulas, the promenade has
an important role, unlike in the EurOtop (2018), the beach slope (cot θ)
has more relevance on the definition of safe and unsafe conditions;
• low input discharge values do not necessarily return an output value that
is in the safe zone, the same happens in presence of high discharge values.
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Figure 6.6: Flow depth versus velocity, comparison with Sandoval (2015) curves,
the discharges are divided for different promenades.
Figure 6.7: Flow depth versus velocity, comparison with Sandoval (2015) curves,
the discharges are divided for different slopes.
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Figure 6.8: H/HP (H=water depth; HP=person height) versus Froud number,
comparison with Arrighi et al. (2019) curve, the discharges are divided for
different promenades.
Figure 6.9: H/HV (H=water depth; HV=vehicle height) versus Froud number,




Figure 6.10: H/HP (H=water depth; HP=person height) versus Froud number,
comparison with Arrighi et al. (2019) curve, the discharges are divided for
different slopes.
Figure 6.11: H/HV (H=water depth; HV=vehicle height) versus Froud number,




After performed studies, it seems that: promenade, beach slope, overtopping
velocity and flow depth are very important for the assessment of coastal safety
condition. In particular, the promenade variable in the analyzed study resulted
dominant because the overtopping values are calculated at the end of the
structure, where begins the railway and the people walk.
Considering two events with volume and discharge similar, but two different
promenades width, it could have several results in terms of safety conditions
because the promenade:
• affects unit volume. In fact, wave on the larger promenade runs and
evolves differently and consequently it have more possibility to have lower
overtopping volumes;
• affects overtopping velocity and depth. Increasing the promenade, the
temporal distance between the sensors increases and therefore the velocity
decreasing; while the overtopping flow depth, evaluated with AWG0 (the
sensor more near the end of the promenade width), is less affected by
splash and therefore smaller;
• from the previous point it is evident that higher discharges with larger
promenade have more possibility to stay within the safe zone unlike
shorter promenade.
Finally the result analysis shows that there is a fundamental lack in actual
overtopping design criteria. Average discharges and individual overtopping
volumes are key parameters for the design of coastal defense, especially for deter-
mining the structural freeboard and any element acting to mitigate overtopping
events. Nevertheless, when looking carefully at post-overtopping processing, we
should take into account how overtopping flows evolve, which is their maximum
velocity and flow depth. These values must not lead to incipient instability for
people or vehicles, if the rear side of coastal defenses is used by stakeholders.
The outcomes of this work highlight, therefore, that more variables should be











In this thesis work, the issue of coastal safety for the case located in Premı̀a
de Mar has been addressed. Through the experimental work and then the
analysis of the data, it has been possible to verify that the limits proposed
by the current EurOtop manual (2018) are incomplete because they don’t
consider many variables that characterize the phenomenon. The current tables,
therefore, can be used as a starting point for a preliminary evaluation, but must
be accompanied by estimates of velocity, flow depth, geometric characteristics
of the analyzed structure and the wave period of the sea event. Also the
formulations of literature used to estimate overtopping discharge, wave period
evolution and overtopping volume probability, are incomplete because do not
consider all possible configurations as: shallow or very shallow wave conditions,
1:1 slope dike or presence of the dike. They, like the tables, can be used for a
preliminary evaluation. Through the studies conducted, it seems obvious that:
1. the EurOtop (2018) limits for the safety of people and vehicle should be
updated, searching other ranges for the overtopping parameters involved;
2. the scale effects evaluation must consider steep slopes dike;
3. as EurOtop limits, also the literature formulation should be updated,
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considering all evaluated conditions and searching new correlation between
the variables involved;
4. more experimental tests need to be carried out to find the overtopping
parameters.
All points described before will be analyzed in a future work, but in fact:
• new tests will be performed on the CIEMito using the cars prototype for
research new safety range;
• new correlations between the overtopping parameters will be obtained,
which will update the current literature. The topic will be discussed in a
nearby scientific paper;
• tests have already been carried out to compare the experimental model
with the numerical model, using the meshless open-source ”DualSPHysics”
code (Crespo et al., 2015), to increase the number of conditions;
In accordance with the carried out study it is evident that for the design of
coastal defense are essential the values of average discharges and individual
overtopping volumes. However, to ensure their total safety, we should take into
account how overtopping flows evolve, therefore we have to calculate maximum
velocity and flow depth. These should not cause instability to people and
vehicles, for this reason must be consider for the final design of coastal defenses.
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UNDK 20 (Sd = 400 mm)
1





scanning range sd 60 ... 400 mm
scanning range close limit Sdc 60 ... 400 mm
scanning range far limit Sde 60 ... 400 mm
repeat accuracy < 0,5 mm
resolution < 0,3 mm
response time ton < 60 ms
release time toff < 60 ms
temperature drift < 2 % of distance to target So
sonic frequency 290 kHz
adjustment Teach-in
alignment aid target indication flashing
light indicator yellow LED / red LED
electrical data
voltage supply range +Vs 15 ... 30 VDC
output current < 20 mA
residual ripple < 10 % Vs
short circuit protection yes
reverse polarity protection yes
voltage output
current consumption max. (no load) 35 mA
output signal 0 ... 10 V / 10 ... 0 V
current output
current consumption max. (no load) 55 mA
output signal 4 ... 20 mA / 20 ... 4 mA
load resistance +Vs max. < 1100 Ohm




width / diameter 20 mm
height / length 42 mm
depth 15 mm
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UNDK 20 (Sd = 400 mm)
2





operating temperature -10 ... +60 °C
protection class IP 67
order reference output circuit
UNDK 20I6912/S35A current output




































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































.2 Results in prototype
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